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Hot proton anisotropies and coo] proton temperatures

in the outer magnetosphere

S. Peter Gary, Mark B. Mddwin, Michelle F. Thonwn, Dan W-inskr,
ad David J. Mt-Cmm

Im Alanm National Lalmratory. h Alanum, New hkxico

Abstract. The plasma sheet and riug current ions of t he oulrr nmgnelorrphem typically
rxhihit an aniscdropy such 1hat thr perpendicular trmperal urr is greater than t,hc paral-
lel trmperatuce. If such nu aniaot ropy iH sullhient ly Inrge, tho CICCIromagndic prolon cy-
clotron instability will ho rxrit. ml.Thi~ inslahilily is ~turlird u~ing linear Vlaaov t.hrory
and ouwlimensional hyhrid simulat icm for a honmgcnmw plaHIIIaIIKNM rrprmuwlaliw
of conditions ill lhc out.rr magnrlqdwr. ‘h’ modrl includ(w a hul auisolropic proton
component and a c.1oI, initially isotropic proton cmupournt. Theory and simulation huth
predict that then= is n thrrshohl hot IWO:.(W anisotropy for this instnhility which (Icpen(hi
inversely on the parallrl /~ of thr hot rcmpouent. ‘rtlpsimulations are also mw(l 10 cxam-
ire the nrmlirw%r rmprmsr of the COOIprotons 10 thr prul(m cyclotron ‘nslrthility; the Int r-
(i me tmnperature of [ hr cool protons is found to incrwuw aH the r,*lnt ivr hot proton den-
sity increases. Analysis of plasma ohamvations ohl ninml hy 11](sI.rm AlruIuM 11.agnrtosphrric
plasma analyzer in grr%ynchrunous orhil. finds I hl lht’ h. km Hnisd rol)y is indr(’d hwIIKh’d

by lhc predicL(*d Adqwdenl thrrshold.

1. Introduction

‘he MWIIL ilreaw ill the W uf Mlistiml Iwthcxlx for
the aualyaix of ~pmmaft data has led b Lhe diwowry d
mveral correlations hetwwn or armng ohuwcd plaw~ p
ran-m in and raw Lhctmrwt rid Inagmhq)here. It iHim
purhnt b mderdand 111- cnrrd,d icxw Imwuw I Iwy cm
provide cumtraints on, aIKl lhtdy improw I Iw m-mu-y
ad prdidive capa.ldity of. hqpwak nkngm40h.ydrudy-
muItic (MIID)m.xlel~uf[Iwnmgnrhmphmv.
%mr of lhcw cum+uiom may reflcwl. phwm rqmnw

to 1hr Iargwrak dynamicsM tlrcIImgurtu@mrc,WI in
w-h CMPH il h appropriate to interpret llmn in lcrnH (d’
MHD lhcwriw. For cxarnpk,. -II. A.udim of thr Wat.itiid
rdnticxdip Ix’lmw prmwure aud dw!ily aH okrvd in

Illliy k (h10 [.(1 Hlllldh’llh, khlt’t i(’ ]WOCWW, itlld thldU1’1’

rrquirc int.w[m’lation in t.rrnwor Vlawv thmry md pwl idc
sillrulW.inm.

An exaniplu (f H wutisti(vd rht.iumhip whirh i~ imluml
hy kindic plaw)m lA@rH iH I.lw inww corrdnl ion Irvl WTWI

lhc Im)l(m :cnlpm.t.urr wlitu)trq~ ml I hr proton pmllrl
jjill 1.11(shi~hly rorlqmwd Iwmwl rid Ilmglwlmlml II (Ii+
mwml hy A ndrrwm rl d [1!)! )1]nnd whirh 1nkm 1lit*

‘1i,,——
.Ijll) ‘=$ (1)
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mm(lit ion for a givrn ~$ ~. [he proton cyclotron imt ahdit y

will arisr and will pitch angle wrdtcr I.he prolons. If I ho

convrx-tion d ftuduat ion wwrgy nway from t hc rrgiml of

rxril ation is not, IOU rapid, : his .wat t ering will return t hc

anisotropy to tllrmho]d.

This intmpml al ion of ( I ) illq}lits I hat a relationship

of I his forlll should tw ol~rv~l :101 only in I 1](’ lnagII(-
1(Awat.h hut also in ally collision=. suflicienl ly honmge

IIcolL~ plawlla ill which the prdon cyclotron ilt..l.ahility is

vscilwl. llrcalLw ‘l’L /7~1> I is a prmmiling condil ion for

proions in t II(I outer lrmgnet~phero. and lMwau.w proton-

cyclrd rot 1-Iikc h-t.uations arc of[.el I d xwrved i] I t hc Icrrw

t rid II IagIId mpherc, q~idly at gmiyllchronous orhlt and

Iwyrmd [,\/nuk and Jfc P/IrrTon, 1!)80: Young fl al.. 19S1:
1,’rm(r, 1985; .4 ndcMuII c1 al.. 1992], it is likr4y IIlat all

ulqwr IXNIIKI si]ltilar I o ( 1) slmllhl k ot~m’al~lc I hm-.

‘Ii) roprrsrml mlrr II mgrk’tqdmir mndil ions, WC a*ulIw

I Iml dlm arc only Iwo s[miw pment, protons ((imot d

I}y slltxfript p) and Adrcms (sukcript. f), M that llkm

MC Iwo pro! on ml IIpom Js: I IN’ mlid ropic 1101 co IIIpO

INIIII (sld~ripl h ) and I IIc illil idly isotropic cool collqx}

[NW (sulwript c). M asmlllw I.hal mcli Collypolml[. is rep

rmrwt.d hy a hi- hkxwe!]ian !br IKJI11 I hr mrol!l-ordrr ii%

I.rihlllim fllldions or Iimmr I lwry and t Iw illilial Iwotoll

(Iist.ril)lltioll flmcliolls of IIIC sinullatimls.

‘IklAI 1 slalw Ihr vdum of I lIr [Iillmlsiolll- lxmult

t’lws whictl vw Iwv ill Irottl ollr linear tlmry iul(l sil]~
Illaliulls; ill parliculw, wo awlulr I 11(’ Aclrolw arltl I lw

coo] prot.oll coil qx)lmll. am illil ia]ly isotropic, ald clmusri

‘Iil(. = ().()()1 ‘Iilll all(l ‘l; = ( ?I,.’lil(. + tl)l’lil~ )/)1, \V(’ (“011-

,si(br OIIIY k x B,, = (), rwrrwlmnl(lillg 10 I II(I tlirw[. ion d

1)rqmgal ion w!licll yidds t II(I Ilmiitllurll growth ral.e. “1’11(1

Ii 11(’ilr lllmry Imqxrl iw d I II(’ lmloll cyt’lotroll iusl al)ilil y

iII I)lolxigiitioll Ix+ra H(Il[() B,, arr MWIII idly ill(hqwll(kwl. d

llw Axtroll twl qwral urr. so ollr clloiru Or AYI roll lcllqn*r-

al.urr iud olw IwglQc[ ol III{* lm[./r(xd two Wllqnnwllt Im

I.lm’ or nmgml qdwric +xlrwls drv \’ali(l alqwoxill Ial iolw

for I II(’ work {Im”rilnxl Ix’hnv. ( ‘imrgr Ilolltridily is .ss[idiwl

( ~,j ( jll,j = () wlwrr I 110sulll is (wer 1X)111slxvitw IMKI lml II

Im)lnll Collqmwllts).
‘1’lwmialirm or this IIwlllwrild is 1Im siuInl h% ill (;rIIIU

rl III. [1!)!),11)]. W’I iLWIIIn* { IIHI I II(I Imt Imololl iuliwl.rely

al illsl “J)ilil.y IIlrdd(l IIIiIy Ix* wrillml ill III(J km))

“1i /, .s;,—.
‘1ilII - ‘ = ~tlh””

(2)
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true not ou]y for t hr choice II II /11. = t),~) tLWi in k’igurc

1, 1)111for a wide ra:yy d 1101 Imjlon r(,lat iw drlLsit.im, sf)

I hiit we t-ourmllratc on I iIc lmloll qdol.rcnl ilLS(ability in

I lIr fdl:xvil)g diMIL*ion.

‘ih smmd Imilll illlwtratwi hy I:igurc I is IIIC Ixxvcr law

rd al iwhhip IXI[ Wtwl I Iw prol 0111.01Iqmral urc auiwf ropy aIId

1*11, al a (ixcd value of llw Inaxitmun growlh ralc. For [he

pararIM4ms of’ Figure I wo havr {t~ = 0.42. This ValIKI is

silt liliu Id only 10 IIWIy other det rnilinal ions of ~,}, rrolll

Iiuew I hcory iud collqml cr silldat ions [e.g., {;nry fl al.,

;W)-11)], IM. alm 101110 pmv~’r d i~l,, ill I II(I dwrved reildl

of IQ1l.mtioll ( l).

l~ig. 3 of (;flry ft al. [lWllj show that, *S lwlg iL*
Yij,./’/il), ~ ().1. varialiou:. ill I IN cool Iml.oll [m nperirl urv

(10 ]wt allii t I hc 1Imdmlfl sifglificant Iy. Sinular wIIplv

(wlqmldl iomi al 71h/11, = 0. It-1 and ?ql), = 0.10 (lcIlxMl-

slral.c ]m inqxxt alll chaug~ ill I Ilc lmt ~]rolwl t.elqx~r-

at IIrc mlisolrol)y al. inst.dbility I hrmldl over I.lm range

0.10 < 7~r/’lilc < 10.(). ‘lhrdorv .Yh d liluat ion (2)

is mwlltially ilkpmdmll of Ihr tllcrlllal proprlim d Ihr

cool I)rolmw. I Iwvmwr, Ihis qualll it y domi dqs.wd 011 (IK*

1]01 pr(.)lull rdat iw dwLsity. Iu parl.icular, (;ary c1 al.
[1!)911,] silo.vd that, al. sufhcicwtly large valum of n~ /11,
aml su[fkicll: Iy SIIAI WI. IIIH or ~,,, /!]P, ,$’j, is propmtiumd

\” ‘h I Imp wc cculsidcr lfw m l@~t Imhry c:Lsr10 (/l/,/l/r,

or ().001 < il./,/n, < ().10 w’lwrr, km ~,,l/fll, % ().()05, I 11<’

hot Imt.ml ani~)lmpy is rclal.iwly i II[llJIMl[lIl[ltIIIl Of I II(I hut

Imr)loll relat,iw~ dollsil.y (for exiullplc, wx’ Fig. 2 or (;ury c1
al , 1!)01). ‘HICII al ;~lll = ().10 lilwiu lll~wry illqdim .S;, e

() A) al y,,, /!ll, = ().()0’) and ,Sj, & (). IN iil q,,,/!lll = ().()0’2.

3. Simulations





(:1)

~.’igllr~.l l)lols’/j./’/ill, rtwlllls [rollls illllll:.l.iol~ sof[llr])r(}

lollcyclblroll illslal)ility wsafllllcl ioll(jf lllt. llol/(”(n)l lwol.oll

r(’1alil’1’(1{’llsily. Ilerc Ilw fbur wl.w-lltidw mrrqrnnd 10 ii

rmlgoof lli,/rlr YalIItH for kmr (Iilbrelll il; ilial vdum Orth(}

Ilmillmll growl.h rate. Ilmr Ix)l.11 Iollllnlriitllr(% m’ wi-lIIl-

ald al tlw litlwof lllaxillmtll’l~.q Mlicll iIl IInwl sillllllaliolls

isal~l)r(lxilllilli’ly 11)(’titlk~ofl llzxilllllll] llllc’llalillg ll~uulic

fid(l ;Ill;i;lilll(l(’, Altlmllgll Illcslqw vitrialiml iswnlniwl,.ll

gr(’alci IIlitll ill liglwc 3. rx:rdlwlalioll d’ llw rmlllls Iwrv

10 tlw Iilttil ol’iwro growlll ra(c yickls .lIi - 0.;;7, Ir w

Iht ‘l~./’ljlll al Ilhlxill]lltll vitlwof “l;. asa rllll(.[iollor,~l),”

~r()lll lll(J('llwlllll)l(* ()fsillllllal i()lls(()rr(slx) ll(lillg Ioligurc.1,

w(* Iill{l IIM (1,. Im+ slll~laldial m:ifiliwl willl ?lll(oj~f)l,:

alllu)llgll Ilwrr is Imclmr sllmll grow{:l ritlr Iiill il. w, (41MHIJ

f),. N (). ‘li)(l(~torlllilw lIIeliLsl fiwiOri)Ii llw rifdklwld si(lo

01’ I’illmlioll (3) wv CIIOIW41~,,, (())/\),, D (),()1: Illis illq;ii(s

,s;. = ().()()!).

4. Observations



/),, = 100 – I 5C(H(’2TT],’I /21.()) (1)

5. Ckmc]usiona
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Aclmowledgnxmts. “haul hors aclinowhdge W?fd ox-

chancw with Drian Anrhmxm. I{iciIard Lklll.oll, !+ eve ~lL+

Iim. i-ud %ng Xuc. “his Wrrli was pcrforrd uldei [111’

dq)icw Of the {~.S. Ilqxwtnmlt. d KIIC:KV (IX)E) and wa~
sqqmr(ml l~y ( hc LX)It otftcr of Ilasi Kncrgy Scicnrm. 1)1-

visioil of Fngincerillg itnd ( kwiellcm, Wd M h t IW SILK’I

I’rogriull WKI I!m Space I’lawm ‘Ilwory I’rogralll of 1110Na-

( iolml Acvor au[ ics and Space ikhtinist ration (NASA).

Thble 1. Dimensionless Parameter Model

l’ariuld m i 101 1hi 01LS ( ‘wI I%d OIIS I“kt rolls

ll,;/ltlp 1.() 1.0 i/1 N:{(i

(J/c,, 1.0 1.() _,,!,

llj/n, \’aridl A, I – ///, //(( I .(N)

‘Ii!.;l’qlh 1.() 0.00U 1 1)1,/1), + 1),//1(( iii,,/”lil;l~

‘lL,l/’lil j \’tirialdc 1.() 1.0
.——.

I“.\/r- = I x lo-:)
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Ikmm. iuid \l, F, mlollwll. \liigrwlqJwir plawna an-

alymr: fni[ id I hrmw+pmwafi olxamat iom from gmxylI-

rhwxIrxLs orhil, J. (;f uphy.~. ~r .*.. !),~. I~).,l~d. I‘0!)3,

\kk%u1. \f. ];,. []. \\;lL%kOq iUId S. l’. ( k~, \hrrW d 1011

rydol ron Wliwt ropy insl at~ilil im in I IW Ilmgnddwat h.

.1. (;<ophy.s. Hts.,97.19.421. 19!!2,
\lol(iwin, \!. 1)., \l. l:. “lhoilHw. S. .1. lkulwq I). .1. \lc(;F

nw. and K. It. hluoro. ThrI strudurc am] dyna IIurs of lhc

oul m 1)1*+Il~qhmc: A lnrd I iplr gmm}-nchronous sat clli(c

,ilud~, ). (“r’(~phy,q. H(.q., !)!), 11 .,17.rI. 1!)91.
(hl~lra. }“,. 31. .Mlour-Ahrhdla, R. ( kdrin, alltl 1-i. QImd,

Ih-sling of Ihcrrnal heliunl in the qualorial magneto

.sphcrw a sinmlat ion SI udy, .). (;{ uphys. Itf .s.. !)(/. WI 1.
1!)?15.

I%uI, ‘1”.-D.. (;. I)awhmarm, \\. Ilaumjohann. a.IId S. Srk-
opkc, “II(. lnaglwl(~hoa[ h mgi(m adjarcnt to ~11P(Iaysid(l
Ilk+gwtolmILw: :\\ Ilyl E/l HJl (kmal iom. .1. (J( ophy.s.
Rfs., 99, 121, 1!)91.

I{mwrmor, D. 1,.. I’. D. ( ‘raven. and (‘. 1{. ( laiqml]. ( “har-

m-tmist its of Iow-mmrgy plasma in I he pli-wmsphem and
l)laql~ Irougll. .1. ~; foph,y.s. /if 5.. ##, 7!)13. 1!)83.

“IaIIaka. \!.. Simulat iom+ ofhcavy ion Ilcaling hy OIWI rollmg-

nd ic ion ryclot ron wavm driw-n hy prolon tmupcratllrr

anisd ropim, ~. (;c ophy$. R( .$.. 90.61.59. I!)t).1

\Hndw. 1).. ad N’. omidi, liybrid ccxlm: W hOrLsaId al>

plicat iorw, in ( ‘omp u1( r ,\’pacr l’/u.snt a Phy.~[c.+: ,f’Im-
Ul(llioll ‘fidl)t:qufs (lnfi ,’;oJIIMIY, di(cd by Il. \lal -

NH IM)tO an(l Y-. (lnura, p 103. ‘Ivrra %-iwltific, “rokyo.

1993.

}bung, 1). “r.. S. Pcrraut, /\. Roux, (”. dc \’illcdary. R. ( kwl-
drin, A, Wmh, (;. lirml~r. and D. .]onm, \Vavwpart idc

iMm-w(iolLs near f)llt+ d~rvcd rm ( ;M)S 1 aml 2. 1.

I’ropagatirml of ion cyclol roll wavrs in 1Ie+-rid plawna.

J. (;I ophyas. lies., .46, 6755, ]!)s1 .

S. l). (.hry. D. .1. Llc( bllw, fil. 11. hlokhvin. ad N1. F.

“rhollwll, M. S. DIM. 1- AlaInLMNalioml Mx3ratory.

b MUM-B, Nhl S7545 (!mcrnrl:pgaryidard.gov,dnrc~
l]]as@lanl.gov.]mnoldwinW.nl.gov. mt holmxm(ilanl.gov)
1).J1’iILskic. K1.S. F615, k iv~~ ~ational Latm)ralory,

la Alan-, Nhl WY15 (In(ernct:(Iw!(klc]lm.lwll,gov)
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illilial Jdum of the dillrlsimdm Imrmlrlws arc * giI-ml

in “Ialde I (~xccpl in I his cw’ w ILwI ?11 initial \aluc d

‘1;. = O.Ool’/ll~). with 11~/11, = 0.10. .~l~ = ().1(). and

protonsnmmdizrxl 10 I Iw inil id \alue of thal pmumter.

(h) ‘rho square {k]ts rqwewnt 1Iw paralld (mnprralurc of

the rod prdons norllwdid [o I he iniiial mlue d [ho paral-

101 hot prdon tonlperal urc. and I he own quarm rqmwrnl

i Im 101 al flurl Iml ing nmgnel ic fdrl wmrgy dcnsily norll I;II-

izd to Ihe emqgy dmsity of the bAgroulK1 magmt ic Ii(111

[Fronl Gnr.v f ( al.. 19911>].

FigUre 3. l.al~lin~ valum d [he prdon (rlnpxalllrc
ani.sd ropy as a fuuct ion d I Im lat et in~ prot cm paralld ! j

wit h 7tA/n, = 0.10 from simulat ioms of [ Im prolon qdot rrm

ins[ ability using i!lit ial paranw[ers as given in TabI{* 1. Tlw

solid dots corrqmnd to rum will] -),,:(() )/!),, = 0.10. t Iw

opm quarm corrmpund ICJ rum wil h ~,,1 ((l )/fll, = ().0.5.

I IIC opm I riauglm cormipmd 10 rum wil h ~ ,,( ( ()) /()}) =

0.02, iud (he own rJianods corrqxmd [o runs wiI II

~,,l(0)/$lr = 0.01. ll~re mwh point is ohlaincd by avw-

aging over tivc rmulls fronl near I he end d cacti sindal ion.
where tlw rums go to flPt = ’200 for ~,,, (0)/$11) = 0.10 ad

0.0!!. fl 1 = MM Ior ~,,, (())/!21, = 0.02 ad flPl = (W) for

~,,, (() )~lp = 0.01. “he line5 r~’prmcnt lmsl-squarw fits to
mch Qnsmfilr; t hea fits yidd n/, = 0..10 for ~,,, ( 0 )/0), =

0.10, (i~ = 0..19 for q,,l(0)/flp = 0.05, (i}, = 0..18 for

~lJl(())/f~l, = ().~~q id (lh = ()..51 fOr ~Jli(())/~P = ().()1.

Figure 4. mlc dinmufionkss cool proton Icmperat m-r

at Ilm tnasinmlll value d ‘l:. as a fund ion of the Id/cool

protml rdal ivc dcnsit.y fron I silnula[ ions of I hr prolon cy -

dot ron imstability wing init id parmlwlcrs ~s givml ill “Iablc

1 aml Iwlajrnlr’flllf lh (0 ) = 0.10. Tlw did dol.s corrqxmd
10 rlurs \vith ~,,, (d)/Qp = 0.10, Ihr opw Hpliw% corre

spend ICI rul Ls with ‘j7)l( (1 )/()}, = 0.05, I he opw trianglfi

corrqmncl to rums wil h ~,,, (() )/f2P = O.(M, and the open
dialllonds rorrmpond 1.0 rims with ~1,, ( ())/Ql, = 0.01. ‘rbt’
!illC%rcpr~nt k’iLS(-MllliU=fits(o (’id (’l~%”rrlb]~:th- [its
yidd ,If,- = 1. 1S for q,n(())/(ll) = (J.10, .ll(- = 1.01 for

q,,, (())/Q}, = 0.05, ;1/,. = (),9() for q,,, (0)/f 21, = O-W, slid

.Vc = ().WI for q,,,(() )/Ql, = 0,01.

Figure 5. ‘h 110[ protol] itii;>~?~l !:rc dwsot ro!)y as
a fUIWl i{)ll of ;~lII using the gmynchromus orbit dal a d

dwrribm! in (;(IJ’u (I fll. [1!)911)] for f).()()1 < ~~h/~~C < (). 10.

‘llw individual points rrmrqmnld10dal a from .Ianuary 21-

31, 1!)!}1. The two lilm rcprwn( F@ation (2) with (r), =

0,1.1. “llw did Iinc rorrqxmds 10 ,S~, = 0.29, wllicll is

ol~l,aild frolll a Iuaxinmlll gmwlh ralc of ~,1, /Ql, = 0.005,

whereas t Iw diislud Iilw currqmnds 10 ,S~, = 0. I N, whirh is

ol)laind frolll a IIl%xiululll growl!l rate d ?,,l/fll, = O.(W.

II
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y = 879.4 * xA(l .1 75) R= 0.99549
— - y = 442.33 * xA(l .0144) R= 0.99568

‘-’-’-l “’-’’’’’’’’wR-’:’

~o*o- r .. * yA~ —

= 116.92 * xA(O.92697) R= 0.99674
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